The influence of odorant-evoked activity on the olfactory system has been investigated by surgical and genetic manipulation. Using naris occlusion to block environmental odorant stimulation postnatally, major changes were observed in the olfactory bulb (Brunjes, 
Introduction well as the olfactory bulb were grossly normal during development and the subsequent adult neuronal replenIn vertebrates, odor molecules activate receptors and ishment. a well-characterized signal transduction cascade in the Neuronal activity contributes to organization of the olfactory neurons located in epithelial surface of the nervous system through axonal remodeling and regulanasal cavity. Odorant-evoked action potentials propation of cell survival. These two processes are distingate down the axons of these sensory neurons to the guished by the eventual fate of the projecting neuron. olfactory bulb where the signals are relayed to mitral In the visual system, the remodeling of cortical projecand tufted cells that project to higher olfactory centers tions are driven by activity-dependent competition (Katz (Farbman, 1992; Shepherd, 1994) cell survival occur at defined periods of development. cient olfactory neurons and their projections. Male mice, in which all of the neurons are phenotypically mutant, It is obviously interesting to determine the contribution of activity-mediated competition in a system where neuretain the ability to generate a structurally normal olfactory epithelium and bulb. However, in heterozygous feronal populations are continually turning over. The ability to control sensory input and evoked activity in olfactory male mice, the population of OCNC1-deficient neurons is slowly depleted from the olfactory epithelium and neurons that are continually being replaced and projecting to a highly organized olfactory bulb represents displays an unusual pattern of projection to the olfactory bulb. Remarkably, this depletion of inactive, mutant cells an attractive system to examine the contributions of activity to neuronal organization and survival.
is dependent on odorant exposure of the olfactory epithelium and can be reversed by odorant deprivation. Random inactivation of the X chromosome in female mammals represents a unique situation in which two These results suggest that odorant-evoked activity is crucial for olfactory neurons to survive in a competitive distinct cell populations exist in the same individual. The pattern of X inactivation can be visualized by the environment and implicate neuronal activity in the organization and maintenance of the olfactory system. insertion of a ubiquitous promoter-driven ␤-galactosidase reporter on the X chromosome (Reese et al., 1995 Figures 1A and 1B) , including the conceptual pore dostaining throughout the medial surface of the turbinates ( Figure 1E ) and on the septum. When the tissue was main and the cyclic nucleotide binding domain. This region was replaced with an IRES-tau::lacZ fragment examined in cross section, staining was confined to olfactory neurons and the axon bundles residing be-(IRES, internal ribosomal entry site) or an IRES-tau:: EGFP fragment and the resulting construct was introneath the epithelium ( Figures 1F and 1G ). The visualized olfactory axons covered the surface of the bulb and produced by homologous recombination into embryonic stem cells (Figures 1C and 1D) . Transcription of this jected to underlying glomeruli ( Figure 1H ). Upon sectioning, the x-gal reaction product was generated throughlocus and IRES-directed translation of the tau::lacZ or tau::EGFP marker in mice should faithfully reflect the out the olfactory nerve layer and in all glomeruli of the olfactory bulb ( Figure 1I ). Similar results were obtained in expression of the mutant OCNC1 allele.
Histological examination of tissues from male mice animals carrying the tau::EGFP marker ( Figure 1J ). In The presence of a morphologically normal olfactory epithelium in male hemizygous OCNC1-deficient mice sugmice. At 2 ϫ 10 Ϫ2 M, wild-type mice generated a robust response to each of the eight odorants tested. In congested that the epithelium of heterozygous female animals would consist of a mosaic of wild-type and mutant trast, OCNC1-deficient mice (n ϭ 3) displayed no detectable responses to amyl acetate at 10 Ϫ4 M and only a olfactory neurons. The distribution of these cells would reflect the random inactivation of the two X chromovery small but reproducible response to each of the epithelium of adult mice (Figures 4B, 4C right panel, and 4E), the blue-stained OCNC1-deficient neurons, which were randomly distributed in patchy clusters or as individual cells, were both fewer in number and occupied a smaller extent of the epithelium. In animals over 1-yearold, x-gal staining was only faint or absent in most areas of the epithelium with a small number of labeled olfactory neurons ( Figure 4F ).
Olfactory neurons stochastically express a particular odorant receptor and converge to a single glomerulus within the olfactory bulb. Thus, axons converging to each glomerulus would be expected to derive from a mixture of the phenotypically OCNC1(ϩ) and OCNC1(Ϫ) cells within the epithelium. Interestingly, only a subset of the olfactory glomeruli were x-gal positive and these were distributed across the bulb surface in adult heterozygous females ( Figures 4H, 4I, 4K, and 4L ). This result was in marked contrast to the uniform staining of glomeruli observed in adult male hemizygous mice ( Figure  1H ) and to a large number of stained glomeruli visible in the olfactory bulb of PD7 animals ( Figure 4J ). In het- Figure 4N ), we obcient (unlabeled) olfactory neurons arranged in distinct served multiple fibers that innervated the stained redomains ( Figure 3A) . Mature olfactory neurons were gions while most of the glomeruli were devoid of any present throughout the epithelium at each time point x-gal-positive axons. These results suggest that olfac- (Figures 3B and 3D ). These observations indicated that tory neurons differ in their ability to innervate particular the OCNC1-deficient olfactory neurons were depleted glomeruli, perhaps reflecting the differences in their rein adult heterozygous females. Unfortunately, in situ hyceptor identity and odorant responsiveness. bridization marks the wild-type cells and provides only
To assess the depletion of OCNC1-deficient olfactory an indirect assessment of the OCNC1-deficient cell popneurons in adult heterozygous animals, we measured ulation. We therefore utilized the tagged OCNC1 Ϫ allele ␤-galactosidase activity in tissue homogenates (Figure in heterozygous female animals to directly visualize the 5). The enzymatic activity in epithelial extracts from hemi-OCNC1-deficient neurons in olfactory epithelium and zygous males was dramatically higher than the basal their projections in olfactory bulb. activity observed in wild-type animals. In heterozygous The distribution of OCNC1-deficient cells in olfactory females, ␤-galactosidase activity in the epithelium was epithelium was examined by ␤-galactosidase staining only 6% of that seen in males ( Figure 5 ). These differof tissue from postnatal day (PD) 7 and adult female ences reflect the reduction in the number of OCNC1-heterozygous animals (n Ն 8 for each group) (Figure 4) . deficient cells and decreased staining throughout the At PD7, the epithelium is still undergoing rapid expanepithelium. Enzyme activity in the olfactory bulb, derived sion and the organization of the olfactory bulb has been from tau::lacZ translocation of epithelium-expressed defined. Distinct regions of unstained cells (wild-type) protein, displayed a similar pattern. and cells expressing the OCNC1 mutant allele could
We conclude that OCNC1-deficient neurons are genbe visualized in coronal sections and in whole mount erated and are competent to project axons into the olfacpreparations by virtue of the ␤-galactosidase expression tory bulb during postnatal development. However, the ( Figures 4A, 4C left panel, and 4D ). The blue staining was robust but patchy throughout the epithelium. In the presence of mutant and wild-type cells in the same epi- tablished and it is tempting to speculate that related (318/455) were x-gal positive (range 59% to 78%). Reprocesses operate in the olfactory system. However, sults obtained from animals with unilateral naris closure the unique capacity of olfactory neurons to undergo for 40 days to 4 months were similar. Odorants entering continual replacement from basal cells throughout life the nasal cavity through the oral cavity could contribute allows for additional mechanisms. Consider, for example, to the regional variation in depletion and allow residual a situation where OCNC1-deficient neurons and their proodorant exposure to the sensory epithelium.
genitors were normal in proliferation, differentiation, and These results strongly indicate that the depletion of connectivity with the bulb but displayed a significantly OCNC1-deficient olfactory neurons in adult heterozyshorter lifespan. Over time, the epithelium would be popugous females is dependent on odorant-evoked activity.
lated by an increasing number of wild-type cells as muIt further suggests that evoked activity contributes to tant cells were preferentially lost and replaced randomly olfactory neuron survival in a competitive environment.
by wild-type or mutant cells. This would be a self-limiting process regulated by the relative lifetimes of the two populations. Such a population of the tagged mutant Discussion cells would be expected to project to all glomeruli and would not produce the results seen here. We have utilized a molecular genetic approach to explore the contribution of stimulus-evoked activity in olIn olfactory epithelium, trophic factors and their re-ceptors are likely to play an important role in regulating Specifically, the laboratory odors determine the activity in neurons expressing different receptors and convergthe number of mature olfactory neurons and their suring to distinct glomeruli. If the odor environment lacks vival (Roskams et al., 1996) . In other systems, survival effective stimuli for a particular odorant receptor, the is dependent on trophic factors supplied in limited OCNC1-deficient neurons expressing that receptor amounts by target cells (Oppenheim, 1991) . The requirewould not be subject to activity-dependent elimination ment of depolarization for uptake of extrinsic factors and their stereotyped connections would persist. The can account for the selective survival of electrically acglomeruli with no blue staining would identify sites that tive cells (Ghosh et al., 1994) . Odorant-evoked activity are activated by environmental odorants while bluemay provide differentiating olfactory neurons an enstained glomeruli would represent those sites that rehanced capacity (in comparison to their less active ceive innervation from receptor neurons that recognize peers) to acquire essential neurotrophic factors. In odors not present in the environment. This process is OCNC1 Ϫ/ϩ heterozygous mice, the odorant-activated, recapitulated globally in the naris occlusion experiwild-type neurons would have an advantage for acquirments where the effective elimination of environmental ing neurotrophic factors and thus lead to depletion of odorant exposure allows all glomeruli to be innervated OCNC1-deficient cells from the differentiating populaby OCNC1-deficient neurons (Figure 7) . Moreover, our tion. When evoked activity is abrogated by naris occluresults suggest that most glomeruli receive inputs from sion, wild-type and mutant neurons would acquire troreceptor neurons that are subject to evoked activity in phic factors on a more equal basis and OCNC1-deficient the laboratory environment. neurons as well as wild-type neurons would both be Recently, the role of OCNC1-mediated activity in tarresident in the epithelium. In principle, this differential geting of neurons expressing two different receptors survival could involve processes intrinsic to the epithewas examined ( these approaches tractable.
The protein concentration of sample was determined by using protein assay reagent (BioRad, Hercules, CA).
Experimental Procedures

Immunohistostaining
Gene Targeting
Tissue sections were incubated with rabbit antisera to ␤-galactosi-A 9.6 kb DNA fragment containing the OCNC1 gene ( 
